Introduction
============

The enteric nervous system (ENS) is a complex network of neurons and glia in the wall of the gastrointestinal tract that plays important roles in the control of motility, blood flow and secretion.[@b1-jnm-21-552],[@b2-jnm-21-552] The ENS is mostly derived from neural crest-derived cells that emigrate from the caudal hindbrain, enter the fore-gut and then migrate caudally to colonise the entire gastrointestinal tract.[@b3-jnm-21-552]--[@b5-jnm-21-552] Failure of the enteric neural crest cells (ENCCs) to fully colonise the bowel results in Hirschsprung disease (HSCR), or congenital aganglionosis, in which intrinsic neurons are absent from the distal bowel, resulting in an absence of propulsive gut motility patterns and intractable constipation.[@b6-jnm-21-552]--[@b11-jnm-21-552] Standard, current treatment for most HSCR patients involves a one-stage surgical resection of the defective portion of bowel and reanastomosis of the functional bowel to the anal canal using transanal and laparoscopic approaches.[@b12-jnm-21-552],[@b13-jnm-21-552] Although patients suffering from recto-sigmoid length HSCR can generally be treated without enterostomy, those with long-segment disease, intractable ileus, enterocolitis, extremely enlarged megacolon, and/or malnutrition[@b14-jnm-21-552] require a first stage reversible enterostomy to allow for improved health of the child prior to a second surgery to remove the aganglionic colon and to join the functioning ganglionic bowel to the anal canal.[@b15-jnm-21-552] Because many patients suffer chronic complications, including constipation and fecal soiling, following surgery,[@b16-jnm-21-552] there has been much interest in exploring the potential of cell therapy to replace the missing enteric neurons and restore gut motility in animal models of HSCR.[@b17-jnm-21-552]--[@b21-jnm-21-552]

Rats with a spontaneous null mutation in endothelin receptor type B, *Ednrb* (*sl/sl*; spotting lethal) lack enteric neurons in the distal bowel and hence display a HSCR-like phenotype.[@b22-jnm-21-552],[@b23-jnm-21-552] Because of their size and the ability to examine colonic motility in vivo,[@b24-jnm-21-552],[@b25-jnm-21-552] rats are an attractive animal model to examine the potential of cell therapy to treat HSCR. However, *Ednrb* null mutant rats usually die within the first week after birth due to intestinal obstruction and associated enterocolitis.[@b22-jnm-21-552],[@b23-jnm-21-552] The perinatal lethality of *Ednrb* null mutant rats restricts their use for studies of the effect of lack of EDNRB on mature CNS and vascular systems as well as for examining cell therapy for HSCR.

Here we describe a surgical intervention on P4--P6 rats lacking neurons from most of the colon that prolongs their life by preventing the fatal obstruction. This procedure will be useful for studying the role of EDNRB signalling in mature rats and for studies examining the potential of cell therapy for Hirschsprung disease.

Materials and Methods
=====================

Animals
-------

Data were obtained from the Wistar-Imamichi, congenital aganglionosis rat (AR) strain, which lack a functional EDNRB.[@b22-jnm-21-552],[@b26-jnm-21-552] Litters of +/+,+/sl, and sl/sl rats were generated by mating heterozygous (+/sl) with Wistar rats for 2 generations, then inter-crossing +/sl rats, from a colony at the Canberra Hospital animal facility. Pups were obtained at postnatal (P) day 4--6. Due to backcrossing with Wistar rats, coat colour was not a reliable indicator of aganglionosis. Therefore, following the experimental period, all rats were assessed for the presence of intrinsic enteric neurons in the distal bowel by immunohistochemistry (see below). Genotyping using a PCR-based assay was not performed because this assay does not provide information about the length of the aganglionic region. All studies were approved by the Anatomy and Neuroscience, Pathology, Pharmacology, and Physiology Animal Ethics Committee of the University of Melbourne (ethics ID 1112288).

Colostomy Surgery
-----------------

A total of 21 rats at the age of P4--6 were anaesthetised with 3% isoflurane vapourised in oxygen, following induction with 5% isoflurane. An incision was made to the left of the midline ([Fig. 1](#f1-jnm-21-552){ref-type="fig"}). The cecum was internally reflected to expose the proximal colon ([Fig. 1](#f1-jnm-21-552){ref-type="fig"}). The proximal colon was immobilised by passing 5-0 braided, polyglycolic acid suture (BBraun, Bella Vista, NSW, Australia) through the abdominal wall and under the bowel to close the muscle under the proximal colon. The colon was anchored to the abdominal wall, anteriorly and posteriorly, using 8-0 braided, polyglycolic acid suture (BBraun). The bowel was then completely severed, the fecal contents thoroughly removed from the site and the skin between the future rostral and caudal stomas was closed using 8-0 braided, polyglycolic acid suture. Without removal of any segment of colon, the anterior stoma (proximal colon leading to the anus) and posterior stoma (proximal colon leading to the cecum and small intestine) were each fixed to the skin in 4 locations around the stoma circumference using the 8-0 suture. The skin was then completely closed around the stomas with the same suture, being careful not to constrict the opening of the stoma. Woundgard (Virbac, vet-n-pet Direct, Jimboomba, Qld, Australia), a bitter tasting antiseptic cream that prevents the mother licking the wound, was applied twice daily for the first 3 days. After regaining consciousness, the pups were wiped thoroughly with the mother's bedding and fecal pellets before being returned to the mother. Animals were then monitored and weighed twice daily for 28 days.

Histology and Immunofluorescence Microscopy
-------------------------------------------

Rats were killed by CO~2~ asphyxiation 28 days after colostomy surgery. The stoma site including the surrounding skin, a region of proximal colon immediately adjacent to the stoma, and a region of distal colon were resected and fixed in 2% formaldehyde plus 0.2% picric acid in 0.1 M sodium phosphate buffer, pH 7.2, overnight at 4°C. Each sample was placed in a histology cassette, dehydrated through graded ethanol to histolene and embedded in paraffin. Sections were cut transversely at a thickness of 5 μm and processed for standard hematoxylin and eosin (H&E) staining. Wholemount preparations of regions of proximal and distal colon were also made by opening the colon along the mesenteric border, pinning, stretching on Sylgard-coated dishes, and fixing in 4% paraformaldehye in 0.1 M phosphate buffer overnight. The tissue was then washed, the mucosa removed and the external muscle layers were exposed to 0.1% Triton X-100 for 30 minutes. The tissue was then incubated with human anti-Hu C/D (1:5000; gift of Vanda Lennon, Mayo Clinic, Rochester, Minnesota, USA) and mouse anti-Tuj1 (1:2000; Covance, Princeton, New Jersey, USA) primary antibodies, followed by donkey anti-human Alexa Fluor 594 (1:500; Life Technologies, Mulgrave, Victoria, Australia) and donkey anti-mouse Alexa Fluor 488 (1:200; Life Technologies) secondary antibodies, all at room temperature.

Images of H&E stained sections were taken using a Mirax digital scanning microscope (Zeiss, Sydney, Australia).

Results
=======

To by-pass the fatal colonic obstruction caused by the *Ednrb* null mutation in *sl/sl* rats, a colostomy was performed on P4--6 rats. A stoma was formed by severing the proximal colon and suturing both cut ends of the colon to the abdominal wall. In order to reveal the proximal colon and bring it to the ventral abdominal surface, the cecum was reflected caudally ([Fig. 1](#f1-jnm-21-552){ref-type="fig"}). This means that the stoma towards the rat's tail (posterior in the rat) was distal to the cecum and the digesta that was conveyed from the small intestine and cecum was released from this stoma. The anterior stoma led to the anus ([Fig. 1A and 1B](#f1-jnm-21-552){ref-type="fig"}). Both anterior and posterior stomas remained patent ([Fig. 1B](#f1-jnm-21-552){ref-type="fig"}).

Preliminary studies revealed some early mortality due to the mother licking the wounds. This was prevented by applying Woundgard, an antiseptic, bitter-tasting cream to the wound. Following colostomy, the rats were weighed twice daily and the stomas examined. Any fecal plugs in the stomas were removed using cotton tips. Ten of 21 pups died due to rejection and cannibalism by the mother within 72 hours of surgery. A total of 4 *sl/sl* and 7 control rats (+/+ and +/*sl*) in this series were allowed to survive for 4 weeks following colostomies (note that rats were confirmed to be *sl/sl* when immunohistochemistry was performed on the colon after being killed 4 weeks after surgery). Four *sl/sl* and 9 control rats also survived to 4 weeks after surgery in another series (see Discussion). Following surgery, rats grew and matured normally and they ate solid food from 3 weeks old. There was a slight but significant difference in average weight between null mutant and control rats at 7 and 14 days following colostomy ([Fig. 2](#f2-jnm-21-552){ref-type="fig"}), but by 21 and 28 days after surgery, there was no significant difference in the weights of mutant and control animals ([Fig. 2](#f2-jnm-21-552){ref-type="fig"}). However, *sl/sl* and control rats that had undergone colostomies weighed around 30--40% less than un-operated siblings (un-operated siblings \[n = 5\], weighed only at 28 days). There was occasional mild irritation to the skin of the hindlimb on the stoma side of rats that had undergone colostomies. This is likely due to prolonged exposure of the hindlimb to the fecal contents expelled from the stoma.

Four weeks following colostomy surgery, rats were killed and examined. Dissection of the stoma region showed good continuity between the bowel and the skin, with no evidence of abscesses or other lesions. Internally, there were no adhesions of the operated bowel to other regions of intestine or to other abdominal organs and no indication of peritonitis. There was no dilation of the proximal colon oral to the stoma, that is, no evidence of a megacolon.

Wholemount preparations of proximal colon and distal colon from each rat were examined by immunofluorescence using antibodies to pan-neuronal markers, Hu C/D (cell bodies), and Tuj1 (cell bodies and intrinsic/extrinsic nerve fibers), to identify mutants. All 4 *sl/sl* mutant rats possessed Hu+ neurons forming ganglia in the proximal colon ([Fig. 3A1 and 3A2](#f3-jnm-21-552){ref-type="fig"}). In the proximal colon distal to the ganglionic region there was a transition zone with a reduced number of Hu+ enteric neurons ([Fig. 3B1 and 3B2](#f3-jnm-21-552){ref-type="fig"}). In all 4 null mutant rats, \>80% of the colon lacked Hu+ neurons. In the distal colon, there was a complete absence of Hu+ intrinsic, enteric neurons, but an abundance of Tuj1 nerve fibers, which are presumed to be of extrinsic origin ([Fig. 3C1 and 3C2](#f3-jnm-21-552){ref-type="fig"}). This pattern of aganglionosis is indicative of the *sl* Hirschsprung disease-like phenotype.

Stomas were created in both control and *sl/sl* mutant rats. The stoma sites, the proximal colon immediately adjacent to the anterior stoma and the distal colon were sectioned and assessed by standard H&E histology. Both the anterior and posterior stomas were clearly patent, although the anterior stoma, which no longer receives digesta from more proximal regions, contained a mucous plug ([Fig. 4A](#f4-jnm-21-552){ref-type="fig"}). The colonic epithelium formed a clean junction with the skin, although there was some erosion evident in the surrounding skin and some low level inflammation of the underlying connective tissue ([Fig. 4A](#f4-jnm-21-552){ref-type="fig"}), which is likely due to irritation from exposure to the fecal content and licking to clean this site by the mother and operated rat. When compared to a similar region of proximal colon from an un-operated control rat ([Fig. 4B](#f4-jnm-21-552){ref-type="fig"}), the proximal colon immediately adjacent to the anterior stoma appeared constricted with thickened musculature ([Fig. 4C](#f4-jnm-21-552){ref-type="fig"}). The appearance of the mucosal lining was normal, with well-formed glands and goblet cells ([Fig. 4 C, inset](#f4-jnm-21-552){ref-type="fig"}). Histological analyses of the proximal colon did not reveal any inflammation in either *sl/sl* or control rats. When compared to un-operated control distal colon ([Fig. 4D](#f4-jnm-21-552){ref-type="fig"}), the distal colons of both *sl/sl* and control rats following colostomy were variable in morphology. In some regions the distal colon was constricted with thick muscle and deep epithelial folds ([Fig. 4E](#f4-jnm-21-552){ref-type="fig"}), while in other regions the external muscle was thin and the mucosa was stretched ([Fig. 4F](#f4-jnm-21-552){ref-type="fig"}). The colon distal to the stoma in all rats following colostomy had large amounts of mucous within the lumen. The mucosa appeared healthy.

Discussion
==========

Rats lacking functional EDNRB (*sl/sl* rats) have a Hirsch-sprung disease phenotype. They fail to thrive and the majority die in the first week after birth,[@b22-jnm-21-552] with mortality reaching 100% by 4 weeks.[@b26-jnm-21-552] We have found that the creation of a colostomy of the proximal colon just anal to the cecum prevented the formation of a megacolon and allowed the rats to grow and mature, indistinguishable from rats without aganglionosis, and survive in good health to the time of harvesting at 5 weeks of age, when all un-operated *sl/sl* rats are usually dead.[@b26-jnm-21-552] Immunohistochemistry confirmed that the rats that were rescued by the surgery lacked enteric ganglia in the bypassed distal colon. Following the surgical procedure, fecal content was expelled from the stoma in the proximal colon, and the fatal obstruction and associated enterocolitis caused by aganglionosis of the colon in *sl/sl* rats did not occur.

The colon beyond the stoma was no longer exposed to the products of digestion that would normally arrive from more proximal regions. The proximal colon immediately adjacent to the anterior stoma appeared slightly constricted, with thickened muscle layers. Previous studies have demonstrated that an absence of propulsive motility is associated with hypertrophy of the intestinal muscle.[@b27-jnm-21-552] Furthermore, studies of rodents with mutations in endothelin-3 signalling pathways have shown hypertrophy of the intestinal muscle in the aganglionic regions where there is no propulsive motility.[@b28-jnm-21-552],[@b29-jnm-21-552] The prolonged absence of exposure to digesta and consequent reduction in propulsive motility is likely to account for the thickening and constriction of the proximal colon observed in the current study. Some regions of the distal colon of operated rats were dilated, and we do not know the reason for this dilatation. However, overall, the wall of the distal colon appeared healthy. In future studies, enteric neural progenitors could be transplanted into this region, with the intention of generating functional enteric neurons and restoring function. Enteric neuron precursors survive and differentiate when transplanted into the aganglionic regions of Hirschsprung mice,[@b18-jnm-21-552],[@b30-jnm-21-552]--[@b32-jnm-21-552] so survival and differentiation can be expected in rats. It will be necessary to conduct experiments over a longer time period with enteric neuron transplants to determine whether functional control of motility can be restored to the previously aganglionic colon, and whether a segment of colon with restored enteric neurons can be rejoined to the more proximal colon and function normally. We are currently in the process of developing methods to label rat enteric neural progenitors so they can be transplanted into the aganglionic region of *sl/sl* rats that have been rescued by the creation of a stoma. The described surgical intervention could also be used to prolong the lives of rats lacking EDNRB in order to investigate the roles of EDNRB in the brain[@b33-jnm-21-552],[@b34-jnm-21-552] and in angiogenesis.[@b35-jnm-21-552]

Hirschsprung-associated enterocolitis (HAEC) is a major problem in infants with HSCR. Pull-through surgery has been performed on *Ednrb*^−/−^ *mice* to remove the aganglionic segment and prolong life, but this procedure did not prevent the development of HAEC.[@b36-jnm-21-552] In the current study, however, histological analyses of the proximal colon did not reveal any inflammation in either *sl/sl* or control rats.

This is not the first description of colostomy in rodents. A previous study developed a method of performing colostomies and generating blind colorectal pouches in wildtype mice to provide a site for the introduction of carcinogens or implantation of tumour cells for studies of colon carcinogenesis.[@b37-jnm-21-552] Moreover, a pull-through procedure was developed for *Ednrb*^−/−^ mice to study Hirschsprung-associated enterocolitis

The data presented here were from 4 null mutant and 7 control rats surviving at least 4 weeks following colostomy by author L.A.S. at the University of Melbourne. An additional 4 null mutant and 9 control rats received colostomies by Z.M.S. and D.X. at the Australian National University. Although weights were not regularly monitored or histological analysis performed, the rats survived until 4 weeks of age when they were killed. Nonetheless, further optimisation of the surgical procedure is possible, for example, middle-line stomas could potentially reduce the incidence of irritation to the skin of the hindlimb caused by prolonged exposure to fecal contents.

In conclusion, given their size and the ability to examine colonic motility in vivo, rats are an attractive animal model to use to examine the potential of cell therapy to treat HSCR. Here we have demonstrated a surgical intervention to prolong the life of *Ednrb* null mutant, HSCR-model rats, which normally die within the first weeks of life. These rescued animals will allow the study of the potential of cell therapy to restore gut motility in aganglionic bowel, as well as examination of the role of endothelin signalling through *Ednrb* in the adult CNS and vascular systems.
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![Schematic of rat colostomy and macroscopic external image of the stomas after 4 weeks. (A) Schematic of the anatomy of the rat intestine following colostomy and formation the anterior and posterior stomas, with the cecum rotated in order to locate the proximal colon and bring it to the ventral surface to form the stomas. Red numbers refer to regions processed for immunohistochemistry and shown in [Fig. 3](#f3-jnm-21-552){ref-type="fig"}. (B) Macroscopic image of the stoma site 4 weeks after colostomy. The 2-0 suture (black threads) has been inserted into the anterior and posterior stomas, to show their positions and to demonstrate that they remained patent.](jnm-21-552f1){#f1-jnm-21-552}

![Weight gain chart of *sl/sl* mutants and control rats after stoma surgery. Following surgery, mutant (n = 4) and control (n = 7) rats were monitored and weighed twice daily for 28 days. Data represents the mean weight ± SD. ^\*^*P* \< 0.05: t test.](jnm-21-552f2){#f2-jnm-21-552}

![Immunohistochemical demonstration of aganglionosis in an *sl/sl* rat. Immunostaining using antibodies to the nerve fiber marker, Tuj1 (green), and the nerve cell body marker, Hu (red), of wholemount preparations of circular and longitudinal muscle layers from the proximal colon adjacent to the cecum (A1, A2: region "1" in [Fig. 1](#f1-jnm-21-552){ref-type="fig"}), proximal colon ∼1--2 cm distal to the cecum (B1, B2: region "2" in [Fig. 1](#f1-jnm-21-552){ref-type="fig"}) and distal colon of an *sl/sl* rat (C1, C2: region "3" in [Fig. 1](#f1-jnm-21-552){ref-type="fig"}). (A1, A2) In the proximal colon adjacent to the cecum (marked 1 on [Fig. 1](#f1-jnm-21-552){ref-type="fig"}), Hu+ neurons form myenteric ganglia (arrowheads) between the longitudinal and circular muscle layers, and Tuj1+ fibers are present in the ganglia and the circular muscle layer. (B1, B2) Slightly caudal in the proximal colon (marked 2 on [Fig. 1](#f1-jnm-21-552){ref-type="fig"}) is the transition zone, which is a region of reduced Hu+ neuron density. (C1, C2) In the distal colon (marked 3 on [Fig. 1](#f1-jnm-21-552){ref-type="fig"}), there are no Hu+ neurons present (C2), but there are some thick nerve fiber trunks and there are also fibers in the circular muscle layer, but at lower density than in the ganglionated region and transition zone of the proximal colon. Scale bar: 50 μm.](jnm-21-552f3){#f3-jnm-21-552}

![Histology of the stoma region and colon 4 weeks after the creation of a dual colostomy in mutant rats. (A) Section through the 2 stomas from a rat with Hirschsprung disease phenotype. There is a sharp transition between the colonic mucosa and the epithelium of the skin (arrow on inset). Small areas of erosion occurred in the skin (asterisk), but there was no evidence of abnormality of the epithelial lining of the proximal colon oral or anal to the surgery. A lymphatic follicle (*lf*) with normal appearance is seen oral to the surgical intervention. (B) Transverse section through the proximal colon from an unoperated control rat. The lumen is large and filled with digesta and the muscle is relatively thin compared to the constricted colon anal to the stoma (panel C). Mucosal folds are apparent (example arrowed). (C) Section through the proximal colon anal to the anterior stoma of a *sl/sl* rat. The lumen is smaller and the muscle is thickened compared to the usual appearance of the proximal colon. The mucosa has normal appearance with well formed glands containing a normal complement of goblet cells (arrows in inset). (D--F) distal colon from a control rat (D), and constricted (E) and dilated (F) regions anal to the anterior stoma, from *sl/sl* rats. The wall structure is normal in both examples from the Hirschsprung phenotype rats, although the thicknesses of the layers are variable according to whether there is constriction or dilation.](jnm-21-552f4){#f4-jnm-21-552}
